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Chron ic  low- f requency  s t imu la t ion  elicits in rabbi t  fast - twi tch  musc le  a part ia l  inact ivat ion  o f  the  sarcop lasmic  re t i cu lum (SR)  CaZ* -ATPase  and  
Caa* -uptak¢  activit ies.  Inact ive  Ca2" -ATPase  was  enr iched  in a l ight mic rosomal  f ract ion by sucrose  dens i ty  grad ient  cent r i fugat ion  af ter  ca lc ium 
oxa la te  load ing  in the  presence o f  ATP .  Th is  f ract ion showed a reduced  specif ic act iv i ty  and  phosphoprote in  fo rmat ion  o f  the Ca2" - t ranspor t  
ATPase .  These  results  suggest  hat  the  inact ivat ion  o f  the  Ca~-ATPase  as induced  by increased contract i le  act ivity,  is conf ined to a specif ic SR  
vesicle popu la t ion .  
Low- f requency  s t imu la t ion ;  Sarc~pla~mic  re t i cu lum Caa ' -ATPase  
1. INTRODUCTION 
In  p rev ious  s tud ies ,  we  have  shown that  sus ta ined  
cont rac t i le  ac t iv i ty  as  induced  by  chron ic  low- f requency  
s t imu la t ion  par t ia l l y  reduces  Ca2* -sequest ra t ion  by  the  
sarcop lasmic  re t i cu lum (SR)  [1 -5 ] .  Th is  inact ivat ion  a f -  
fec ted  both  the  to ta l  capac i ty  and  in i t ia l  ra te  o f  Ca  2÷- 
uptake .  The  to ta l  amount  o f  the  immunochemicaUy de-  
tec tab le  Ca2÷-ATPase  pro te in  was  una l te red ,  but  the  
Ca2* -dependent  ATP-hydro lys ing  ac t iv i ty ,  as  we l l  as  the  
fo rmat ion  o f  the  phosphoprote in  in termed ia te ,  were  re -  
duced  by  approx imate ly  50% [2].  A decreased  b ind ing  
o f  f luoresce in  i so th iocyanate  (F ITC) .  a compet i to r  o f  
ATP  a t  the  nuc leot ideob ind ing  s i te ,  ind icated  that  the  
inh ib i t ion  might  .he re la ted  to  a loca l  s t ruc tura l  a l te ra -  
t ion  o f  the  enzyme [2 ,4 ,5 ] .  Th is  was  cor roborated  by  the  
observat ion  that  the  inact ive  enzyme was  less  sus -  
cept ib le  fo r  t rypt i c  c leavage  a t  Arg  sa5 [4 ,5 ] .  A s imi la r  
inact ivat ion  o f  the  Ca2÷- t ranspor t ing  ATPase  has  a l so  
been  observed  dur ing  exerc i se  in  fa t igu ing  musc le  [6] .  
The  revers ib le  inact ivat ion  o f  the  SR  Ca2+-ATPase  may,  
there fore ,  be  o f  genera l  in te res t  w i th  regard  to  musc le  
fa t igue .  
The  present  s tudy  was  under take  " in  o rder  to  invest i -  
gate  whether  the  overa l l  reduced  ac t iv i ty  o f  the  SR  
Ca2÷oATPase  resu l t s  f rom a par t ia l  inact ivat ion  o f  a l l  
enzyme molecu les  o r  re la tes  to  complete  inact ivat ion  o f  
a se lec ted  popu la t ion .  M ic roeomal  p reparat ions  f rom 
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normal  and  chron ica l ly  s t imu la ted  musc les  were  sep-  
a ra ted  on  a dens i ty  g rad ient  a f te r  Ca2%load ing  in  the  
presence  o f  ATP  and  oxa la te .  Measurements  o f  p ro te in  
y ie ld ,  Ca2* -s t imu la ted  ATPase  ac t iv i ty ,  and  fo rmat ion  
o f  the  phosphory la ted  enzyme in termed ia te  made pos -  
s ib le  the  ident i f i ca t ion  o f  a l ight  ves ic le  subf rac t ion  w i th  
an  inc reased  y ie ld  o f  the  inact ive  enzyme.  
2.  MATERIALS  AND METHODS 
2. I. A~imals and chronic stimulation 
Adu l t  ma le  New Zea land  Whi te  rabb i ts  were indirect ly s t imu la ted  
(10 Hz,  12 h /d)  [7,8]. The  an ima ls  were kil led af ter  4-da~ s t imu la t ion  
per iods  and  s t imu la ted  (left) and  cont ro l  (r ight)  ex tensor  d ig i to rum 
longus  (EDL)  and  t ibial is anter io r  (TA)  musc les  were processed for  
iso lat ion o f  SR accord ing  to Nakamura  et al. [9]. 
2.2. Calcium oxalate loading and isolation o f  SR  subfractions 
Ca2*- Ioading was  per fo rmed as descr ibed [~] 60 m2 c rude  SR was 
incubated  in 20 ml  o f  a med ium conta in ing  50 mM HFPES (oH 6.8). 
100 mM KCI ,  l0  mM Mg(~i2, 20 mM potass ium oxa late ,  5 mM NAN, .  
10 mM ATP  and  100/~IVi CaC I  2 at 37°C for  15 rain. The  chosen  
Ca2*- to -Ca2+-ATPase rat io  was  in the  range  o f  the  phys io log ica l  stor -  
age capac i ty .  Therea f te r ,  the  vesicles were sed imented  at  55 000 × g 
fo~ 60 rain. The  pel leted mierosomes  were suspended in 3 ml  ~ 0.25 
M sucrose  conta in ing  0.3 M KCI ,  0.05 M sod ium pyrophosphatc ,  and  
0.1 M Tr i s /HCI ,  pH 7.2. A f te r  measur ing  the prote in  concent ra t ion ,  
th is  suspens ion  was  layered on  top  o f  a d i scor t inuous  ucrose  dens i ty  
grad ient  [10] with conseout ive  layers o f  i .5. 1.0, 0.8 and  0.6 M sucrose,  
7 ml  each conta in ing  0.3 M KCI ,  0.05 M "sodium pyrophosp; la te  and  
0. I M Tr i s /HC l .  pH 7.2. Grad ient  cent r i fugat ion  was  per forn ied  for  
2 h in a SW27 Beckman ro tor  at  27 000 rpm.  The  f ract ions  were 
separated  at  the  inter faces o f  the  layers. F rac t ion  F i  was  between 0.25 
and  0 .6  M,  f ract ion  F i l  between 0.6 and  0.8 M.  f ract ion F i l l  between 
0.8 and  1.0 M,  and  f ract ion F IV  between 1.0 and  1.5 M sucrose ,  
respect ively.  The  f rac t ions  -~re  d i lu ted with 0.1 M KCI ,  10 mM 
MOPS.  and  cent r i fuged for  90 rain at 60 000 × g. The  pellets were 
suspended in 0 .5 - t  mi 0.25 M sucrose,  10 mM Tr is /HCI ,  pH 8.0. 
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2.3. Analrticaf procedures 
The Ca-'~-ATPase activity in mirosomal fractions was measured at 
37°C by the coupled optical assay i I 11. Tryptie cleavage was per- 
formed as previously described [5]. After tryptic digestion for different 
time periods, microsomai fractions wcrc  phosphorylated at 4°C using 
[y-~"PIATP at a final concentration of0.2MM in a medium containing 
75 mM KCI, 30 mM HEPES, pH 7.0, and 20 ~uM CaCI: for I min. 
The reaction was stopped by adding a two-fold volume of 6% tri- 
chloroacetic acid containing I ram ATP, 10 mM phosphate. The 
pr~-cipitate was washed by eenlrifugalion with the same solution three 
times and then dissolved in lysis buffer composed of 60% sucrose. 10 
mM EDTA, 2.5% SDS. 0.014% Bromphenot blue, 0.15 M Tris/HCI, 
pH 6.8. In order to stabilize the phosphorylated intermediate, lectro- 
phoresis was performed using the acidic system described by Sarkadi 
et al. 112]. Phosphorylated peptides were detected by autoradiography 
using Hyperfilm MP (Amersham, Braunschweig, FRG) exposed at 
-70"C for 24 h. After electrophoresis, proteins were transferred to 
nitrocellulose filters. The Ca2*-ATPase protein, as well as immu- 
noreactive fragments, were identified with a polyclonal antibody 
raised against Vast SR Ca:'-ATPase [13] Horse radish peroxidase- 
conjugated goat anti-rabbit leg  served as the secondary antibody_ 
3. RESULTS 
Sarcop lasmic  re t i cu lum ves ic les  i so la ted  f rom 
normal ,  and  4 -day-s t imu la ted  musc les  were  subf rac -  
t ionated  on  a sucrose  dens i ty  g rad ient  a f te r  load ing  w i th  
ca lc ium oxa la te .  The  to ta l  y ie ld  was  found  to  be un-  
a l te red  between the  two  exper imenta l  cond i t ions ,  in-  
d ica t ing  that  contaminat ion  w i th  non-SR membranes  
[2] had  not  yet occur red  a f te r  th is  shor t  s t imu la t ion  
per iod .  Marked  d i f fe rences  ex is ted  between the  pro te in  
amounts  recovered  in the  d i f fe rent  subf rac t ions  (Tab le  
!). The  l ightes= f rac t ion  (F I )  o f  the  uust imu la ted  musc le  
conta ined  8 .5% o f  the  to ta l  p ro te in ,  whereas  the  F I  
f rac t ion  o f  the  s t imu la ted  musc le  conta ined  18.6% o f the  
to ta l  p ro te in  app l ied  to  the  grad ient .  The  h igher  p ro te in  
amount  o f  F I  was  compensated  fo r  by  a lower  y ie ld  in 
the  heav ie r  f rac t ions ,  par t i cu la r ly  in F i l l .  I ts  p ro te in  
amount  was  35% ii, the  unst imu la ted ,  but  on ly  26% in 
the  s t imu la ted  musc le  (Tab le  I). 
The  F I  f rac t ion  o f  the  s t imu la ted  musc le  exh ib i ted  the  
lowest  Ca~+-ATPase  speci f ic  ac t iv i ty ,  amount ing  to  on ly  
43% o f  that  detected  in [ I o f  the  unst imu la ted  musc le .  
No  d i f fe rences  were  found  between the  Ca2+-ATPasc  
spec i f i c  ac t iv i t ies  o f  f rac t ions  F i l l  and  F IV  f rom un-  
s t imu la ted  and  s t imu la ted  musc les .  
The  poss ib i l i ty  ex i s ted  that  the  ves ic les  w i th  lower  
Ca2+-aocumulat ing  ac t iv i ty  conta ined  pre ferent ia l l y  the  
inact ive  enzyme.  There fore ,  the  ves ic le  f rac t ions  sep-  
a ra ted  a f te r  ca lc ium oxa la te  I~ad ing  were  s,-~tL~ected to  
t rypt i c  d iges t ion .  Thereaf te r ,  we  examined  the  ab i l i ty  o f  
the  t ryps in - t reated  ves ic les  to fo rm phosphory la ted  in-  
te rmed ia tes .  The  phosphory la ted  pept ides  were  se-  
parated  e lec t rophoret i ca l l y  and  the i r  ident i ty  was  es tab-  
l i shed  by  immunob lo t t ing .  The  rad ioact ive  pept ides  
were  v i sua l i zed  autorad iograph ica l ly  on  the  same 
n i t roce l lu lose  membranes .  
Compared  w i th  the  cont ra la tera i  (unst imu la ted)  mus-  
c le  (F ig .  IA ) ,  the  phosphate  incorporat ion  in to  F !  was  
reduced  in the  s t imu la ted  musc le  (F ig .  I B).  As  judged 
f rom the  rad ioact iv i ty  o f  the  f i rst  c leavage  product  A 
and  the  second c leavage  product  A1 (F ig .  IA ,B) ,  th is  
d i f fe rence  ex is ted  a l so  a f te r  t rypt i c  c leavage .  The  immu-  
nosta in ing  o f  the  same n i t roce l lu lose  membranes  ind i -  
ca ted  that  th is  d i f fe rence  was  not  due  to  the  app l i ca t ion  
o f  d i f fe rent  amounts  o f  the  CaZ÷-ATPase  prote in  (F ig .  
IC ,D) .  No  d i f fe rence  in rad ioact ive  phosphate  in-  
corporat i 'm was  observed  between the  heavy  f rac t ions  
F I l l  f rom cont ra la tera l  uns t imu la ted  and  s t imu la ted  
musc les  (F ig .  2). 
4. D ISCUSSION 
Crude  mic rosomai  p reparat ions  can  be  separated  by  
dens i ty  g rad ient  cent r i fugat ion  in to  subf rac t ions  o f  d i f -  
fe rent  dens i t ies  cor respond ing  to  d i f fe rent  sarcomer ic  
reg ions  o f  the  SR .  Th is  pure ly  membrane-der ived  se- 
d imentat ion  pat tern  is sh i f ted  by  the  ca lc ium oxa la te  
pre - load ing  procedure  wh ich  leads  to  a separat ion  
pr imar i l y  based  on  d i f fe rent  Ca2+-accumulat ing  ac -  
t iv i t ies .  Because  o f  the  load ing  at  an  approx imate ly  
phys io log ica l  Ca2* - to -membrane  prote in  ra t io ,  i.e. 30- 
50 nM Ca  2÷ per  mg prote in ,  the  e f fec ts  o f  nat ive  ves ic le  
Table I 
The distribution of  protein yield and Ca2+-ATPase specific activity between sarcoplasmi¢ reticulum 
subtractions of contralateral unstimulated and 4-day-stimulated rabbit fast-twitch muscles 
Subfraction Protein amount 
(% of total prolein) 
Unstimulated Stimulated 
Ca2+-ATPase activity 
0~mol ATP ×mg protein -I × min-') 
Unstimulated Stimulated Stimulated 
(%) 
Unstimulated 
F! 8.5 18.6 ! .40 0.60 43 
Ft! 48.5 48.6 2.54 ! .70 67 
l- i l l  35.4 25+5 2.30 2.25 98 
FIV 7.6 7.3 1.01 ! .03 102 
Sarcoplasmic r ticulum subfractions were seperated by density gradient centrlfugation after calcium 
oxalate loz ding. 
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F ig .  I .  SDS/ge i  ¢ lec t rophoret i c  separat ion  a t  pH 6 .0  o f  the  t ightes t  
sarcop lasmic  re t i cu lum f rac t ion  (F I )  a f te r  t rypt ie  d iges t ion  and  phos -  
phory la t ion .  The f ract ion  iso lated by  dens i ty  grad ient  eent r i fugat ion  
af ter  ca lc ium oxa la te  load ing  was  sub jected for  d i f ferent  l ime per iods  
to  t rypt ic  d iges t ion  at a ra te  o f  1:20 (ms/ rag  prote in)  and ,  thereaf ter ,  
incubated  with [y-32P]ATP at  4°C  for  ! rain. A f te r  e lec t rophoret ic  
separat ion  was  completed ,  p ro te ins  were t rans fer red  e lect rophoret i -  
cal ly to  n i t roce l lu lose membranes  for  autorad iography  and  Western  
b lot  ana lys i s  wi th a po lydona l  ant ibody  aga ins t  Ca2* -ATPasc .  (A  and  
B) autorad iographs  o f  samples  f rom unst imu la ted  cont ra la tera l  and  
4 -day  s t imu la ted  fast - twi tch  musc les ,  respect ively.  (C and  D)  immune-  
b lots  o f  (A )  and  (B). ( Lanes  a -e )  t rypt ie  f ragment  after  d igest ion  
per iods  o f (a )  0 s; (b)  i 5 s; (c) I rain; (d) 5 min ;  (e) 30 rain. A,  B, p r imary  
t rypt ic  c leavage f ragments ,  A I .  secondary  trypt i¢ c leavage f ragment .  
dens i ty ,  ves ic le  s ize and Ca2+-aecumulat ing  act iv i ty  
most  l ike ly  over lap  in the f raet ionat ion  process  used.  
The  f inding that the l ightest  mic rosomal  subt ract ion  
d isp lays  I ,~ .~er prote in  amounts  in the s t imu la ted  than 
in the unst imulated  musc le ,  suggests  that a larger por -  
t ion o f  the ves ic les  in this f ract ion remains  un loaded.  
Obv ious ly ,  ves ic les  w i th  inact ive  or  reduced CaZ+-accu - 
mutat ing  abi l i ty have  been enr iched in th is  f ract ion.  
Th is  is in agreement  w i th  both  the lower  specif ic Ca  2+- 
ATPase  act iv i ty  and the reduced phosphoprote in  
fo rmat ion .  The  lower  phosphory la t ion  o f  the first t ryp-  
t ic c leavage product  may be taken  as an addit io,~al  
p roo f  o f  the mod i f i ca t ion  o f  the enzyme spec ies  enr iched  
in the l ight subf ract ion .  Thus ,  it is conce ivab le  to  cot  re- 
late the reduced Ca2+-uptake act iv i ty  o f  this f ract ion 
wi th  a predominance  o f  inact ive  Ca '+-ATPase .  Th is  in- 
terpretat ion  is suppor ted  by  the f inding that no  dif :  
C) D)  
Ca2*_  _ 
Al"Pase 
A & B- -  
At  
a b c cl e 
Fig. 2. SDS/gel  e lect rophoret ic  separat ion  at pH 6.0 o f  the  heavy 
sarcop lasmic  re t i cu lum f ract ion (F i l l )  a f ter  trypt ie d igest ion and  
phosphory la t ion .  The  same eXlaerimenlal protoco l  was  used as  de- 
scr ibed in Fig. t. (A and  B)autorad iographs  o f  samples  f rom unst imu-  
lated cont ra la tera l  and  4-day s t imu la ted  fast - twitch musc les ,  respec- 
tively. (C and  D),  immunob lo ts  o f  (A)  and  (B). ( Lanes  a-e)  tryptic 
f ragment  af ter  d igest ion  per iods  o f (a )  0 s; (b)  15 s-- (c) 1 min;  (d) 5 rain; 
(c) 30 min.  A.  B, p r ima l '  t rypt ic  c leavage f ragments ;  A i, ~¢¢ondary 
t rypt ic  c leavage f ragment .  
fe rences  exist  between the heav ier  mic rosomal  subf rac -  
t ions  f rom s t imu la ted  and  cont ra la tera l  unst imu la ted  
musc les  w i th  regard  to  Ca2~-ac, umula ' . i on ,  Ca2÷-ATP  -
ase ac t iv i ty  o r  phosphoprote in  fo rmat ion .  
These  resu l ts  suggest  that  the  inact ivat ion  o f  the SR 
Ca2+-ATPase  is conf ined  to  a specif ic vesic le popu la -  
t ion .  Th is  cou ld  resu l t  f rom an  inact ivat ion  o f  selected 
reg ions  o f  the SR in al l  musc le  f ibers o r  f rom an  in-  
ac t ivat ion  o f  the  SR o f  a specif ic  f iber  popu la t ion .  Be- 
cause  TA  and  EDL  musc les  are composed o f  approx-  
imate ly  95% fas t - tw i tch  ( type  I IA  and  type  l iB )  f ibers 
which  are ident ica l  in their  fast caa+-ATPase  i so form 
compos i t ion  [14,15],  it appears  unl ike ly  that the inact i -  
vat ion  af fects,  se lect ive ly ,  fast or  s low i so forms.  A l so ,  
a fas t - to -s low Ca2*-ATPas¢ i sozyme t rans i t ion does  not  
occur  after  4 -day  low- f requency  s t imu la t ion  [15]. How-  
ever,  the poss ib i l i ty  ex is ts  that type I IA  and l iB  fibers 
wh ich  di f fer  in their  fat igabi l i ty  and aerob ic -ox idat ive  
capac i ty  [16], respond metabo l i ca l ly  in a d i f fe rent  
manner  to  pers i s tent ly  inc reased  cont rac t i le  act iv i ty .  
There fore ,  the  Ca2* -ATPase  might  be  exposed  to con-  
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d i t ions  wh ich  lead  to  inact ivat ion  in  the  one ,  but  not  in  
the  o ther  f iber  type .  Measurements  o f  the  SR  Ca  2*- 
ATPase  ac t iv i ty  in  de f ined  s ing le  f ibers  o f  s t imu la ted  
musc les  w i l l  p rov ide  an  answer  to  ,h i s  quest ion .  The  
method  es tab l i shed  in  the  present  s tudy  fo r  i so la t ing  an  
enr iched  popu la t ion  o f  inact ive  Ca2* -ATPase  o f fe rs  the  
poss ib i l i ty  to  invest igate  in  more  deta i l  the  under ly ing  
mechan ism o f  the  inact ivat ion  process .  
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